ABSTRACT
INTRODUCTION
The Thermal Response Test is an efficient measurement technique first proposed by P. Mogensen (1983) at the beginning of the 80' for inferring the ground thermal properties in ground source heat pump (GCHP) applications when borehole heat exchangers (BHE) are employed. As it is well known, during the test, heat carrier fluid temperature is measured at a pilot BHE and the experimental signal is compared to a predicted one when a given (constant) heat transfer rate is provided at the surface. This experimental technique is based on the assumption that the fluid resulting temperature depends on the undisturbed ground one and on a couple of thermal resistances, the (constant) BHE effective resistance and the (transient) ground one, as described by the Infinite Line Source (ILS, Carlaw and Jager, 1947, Ingersoll et al., 1954) model. After Mogensen, early contributions to the TRT technique are due to Gehlin in Sweden (Gehlin 1996) , Austin (1998) in the US and Pahud and Matthey (2001) in Switzerland, at the end of the '90. After such experiences the method rapidly developed across the world until its most detailed versions, where multiple vertical measurements are carried out along the BHE for assessing the local ground properties (Distributed TRT at KTH Stockholm, e.g. Acuna et al. 2009 ).
When the TRT data are processed, a two resistance model is applied where the borehole resistance is conceived to be time invariant and the ground one is set to change in time as described by a suitable Temperature Response Factor (TRF) that from a mathematical point of view is able to describe heat conduction mechanism and provide the borehole periphery temperature evolution as a function of a proper Fourier number. The most popular TRF for TRT analyses is the ILS solution, but more sophisticated solutions can be chosen, including the Finite Line-Source model (FLS) (Eskilson 1987 , Zeng, et al. 2002 , Lamarche and Beauchamp 2007 , the Moving Infinite Line-Source model (MILS) (Sutton et al. 2003) , the Moving Finite Line-Source (MFLS) by or thermal resistance and capacity (TRC) model such as the one of Pasquier and Marcotte (2012, 2014) .
The usual assumption related to the TRT experimental data reduction is related to the thermal conduction mechanism and to the absent (or negligible) effects due to the underground water advection. This assumption is usually not fully satisfied, since fractured rocks are often present and some groundwater displacement can be present and enhance the heat transfer from the borehole to the surrounding ground medium, as discussed for example by Gehlin & Hellstrom (2003) and Spitler & Gehlin (2015) . If groundwater circulation is present the thermal conduction is hence reinforced by convection: in such cases a pure conduction modelling, in terms of moving line sources, demonstrated to be still efficient for describing the ground response to thermal pulses even under groundwater advection. In this sense the works by Sutton et al. (2003) on the MILS and that by on the MFLS clearly show how a conduction scheme can be efficiently applied for describing the BHE behaviour when groundwater is present.
This paper deals with a particular experimental condition where the heat rate at the heat carrier fluid is deliberately varied according to a series of on/off heat pulses able to resemble a real GCHP operating conditions. A dedicated equipment has been developed to this aim at the University of Genova which is able to very efficiently control the heat and flow rates either in constant or pulsated mode. The measurements carried out in particular refer to a constant heat injection for the first 100 hours of the experiment and to a series of 8 hour square pulses (on/off mode) that have been applied for the following 11 days.
Such Pulsated Thermal Response Test (PTRT) has been analysed with several interpretation models by two different inverse solution algorithms developed at the home universities of the Italian and Canadian authors of the present paper in order to estimate by parameter optimization the ground thermal properties and borehole characteristics, and compare their algorithms. The Italian approach is based on the temporal superposition of the ILS solution and to a cross check with respect to the MILS conditions (Fossa et. al, 2016) . Alternatively, the Canadian approach used a convolution is the spectral domain (Marcotte and Pasquier 2008) to account for the heating power variation of the PTRT with the program TRT-SInterp (Pasquier 2015) to automatically calibrate the PTRT with the FLS model of Claesson and Javed (2011) and the TRC model of Pasquier and Marcotte (2012, 2014) .
The measurements have been carried out in Italy, and the peculiar geological conditions with non negligible aquifer activity allows the use of either the ILS, MFLS, FLS and TRC models for measured data reduction. Finally, the experimental results and optimum search are presented in order to demonstrate the reliability and accuracy of the experimental apparatus and the parameters that can be estimated according the present modelling approaches.
EXPERIMENTAL APPARATUS AND MEASUREMENTS
In this paper, the TRT machine developed at Dime, University of Genova (Unige), has been employed for a pulsated TRT performed in Italy at Unige Savona Campus (44°18'04.6"N 8°27'02.9"E, Smart Energy Building SEB). The machine (Figure 2a ) was developed in partnership with the Italian company Erde srl and it is equipped with a feedback control to manage either the flow rate or to the heat rate to the fluid. The heater section is constituted by three 3 kW electrical resistors controlled through a 3 phase angle power controller (TRIAC), with a control signal in the 0 to 10V range ( Figure 2b ). Analogue signals are provided by a D/A converter that communicates with Linux based microcomputer running a dedicated code. Control works according to a double PI (Proportional and Integral) algorithm and the PI parameters have been tuned following a approach in dedicated laboratory tests. Temperature measurements are performed through PT1000 RTDs, calibrated to assure 0.1°C uncertainty. Mass flow rate and electrical power are available within 2% accuracy on reading thanks to proper instrumentation calibration performed at Dime.
The measurements refer to an experimental campaign dated early November 2015. The pilot heat exchanger was 150 m deep grouted BHE, working with a single 40 mm U pipe. Grout nominal conductivity from manufacturer data was 2.0 W/m K. Geological surveys revealed that lithology is constituted by a top layer (20-25m deep) of alluvial material subjected to slow underwater movement and by fractured metamorphic formations. The measuring site is also close (70m) to the local creek which flows around the University Campus.
The TRT machine was shaded from the sunlight and surface pipes (about 2 m) properly insulated, but unusually hot conditions during the measurements slightly affected the carrier fluid temperatures, as can be noticed from the inspection of the fluid temperature records (Figure 2a ). The TRT experiment lasted 12 days. The first 7 hours no heat rate was applied (undisturbed temperature measurements) and the following 100h a constant heat rate condition was set. From this instant on a series of heat pulses (heater off/on sequences) have been imposed: 45h (heating is off) then a series of 12 on and off cycles (8 hours each) and a final recovery period (power off) of about 60 h. In the heating periods the heat transfer rate was set at 7000 W and the control was able to maintain a small 1.5% RMS variation irrespective of the daily supply voltage oscillations. The volumetric flow rate of water was maintained at 1500 liters/h, with 4 l/h RMS variation (Figure 2b ) all along the test.
MODELLING THE HEAT TRANFER INSIDE THE GROUND MEDIUM

Interpretation with the ILS model
In GCHP modeling the Fourier conduction equation is very often the modeling approach according to which the variable ground temperatures are predicted when a vertical BHE is considered. As it is well known, the Fourier equation can be either refer to 1D or 2D temperature domains and different solutions arise from the related boundary conditions applied. The ILS model is probably the most successful scheme since it provides a simple but effective solution according to which when a constant heat transfer rate (per unit length Q  ) is applied to an extremely long linear source buried inside an infinite medium the ground temperature in space and time can be calculated according the well known relationship, here presented in terms of dimensionless excess temperature  : Here above Tgr,∞ is the initial and far field ground temperature, kgr is the ground thermal conductivity, For is the Fourier number based on the radial distance from the line source, r. The Exponential Integral E1 can be accurately approximated by its series expansions, as for example discussed by Fossa (2016) . Similar solutions have been proposed for referring to heat sources finite in length, as discussed in the Introduction of this paper, but on the other hand it can be demonstrated (e.g. Fossa 2016) that in the short period, typically for Forb<10 4 , the ILS solution is accurate enough for TRT analysis purposes and it superposes very well to any FLS solution.
A slightly different problem is related to the presence of moving groundwater in the soil. Sutton et al. (2003) and later Molina demonstrated that the moving line source model, still based on the Fourier equation solution, is accurate enough for describing the heat transfer between a single BHE and the surrounding ground when groundwater circulation is present. Sutton et al. in particular described the MILS model, which allows the ground temperature excess to be calculated as a function of the source specific heat rate Q  , the effective ground conductivity kgr,eff and the effective Peclet number (Pe=weff r b/gr,eff). All these effective properties depend either on the characteristics of the porous media and interstitial water. For the MILS, the resulting dimensionless temperature excess is: Recently at Unige the proper and improper integrals of Eq. (2) have been solved and compared to the ILS profile (Eq. 1). Figure 3 shows this comparison in terms of ILS and MILS dimensionless temperature excess. The independent parameters are Foeff and Pe numbers. Figure 3 reveals that for Fourier numbers ranging from 10 to 100 (magnitude orders) the ILS solution is a good approximation of its MILS counterpart, provided that the Peclet number is sufficiently small (Pe < 0.02). Therefore, it has been decided to use the ILS model to interpret the PTRT since both solutions are similar for the duration of the PTRT.
Interpretation with the FLS model
Although for short TRT duration the ILS and FLS models have the same response, it has been decided to also interpret the PTRT with the FLS model and to observe if integration of the axial effects by the FLS model could lead to different thermal properties for this unusually long TRT. Using the formulation of Claesson and Javed (2011) , the dimensionless excess temperature of the FLS model is given by: 
and with
Interpretation with a TRC model
To verify if an advanced interpretation model accounting for the capacity of the borehole components could lead to a different set of parameters, the TRC model of Pasquier and Marcotte (2012, 2014) was also used to interpret the PTRT. The TRC model integrates the fluid advection within the vertical pipes, the geometry and thermal conductivity and capacity of each component (fluid, pipe, grout, and ground) through a network of interconnected thermal resistances (R) and capacities (C) chosen to ensure a high accuracy of the interpretation model. For a network of n Pe [-] ILS asymptote TRT typical time window nodes, the model allows writing heat conservation at node j by
where nj is the number of neighbouring nodes to node j. Assembling Eq. 6 for all nodes of the model leads to a stiff first-order differential equations system whose solution is obtained by numerical integration with the Haae wavelet method (Nguyen and Pasquier 2015) .
PARAMETER ESTIMATION FROM TRT MEASUREMENTS
The interpretation of a TRT can be accomplished by formulating the parameter identification task as an inverse problem. The interpretation strategy then consists to minimize an objective function quantifying the misfit between the temperatures simulated by an interpretation model and the temperatures actually measured on the field. This interpretation method is now used frequently (Wagner and Clauser 2005; Marcotte and Pasquier 2008) and permits using interpretation models that incorporate directly significant variations of the heating power. The use of a more accurate interpretation model often leads to a more robust parameter identification.
For the ILS and FLS models, the evolution of the mean fluid temperature under the constraint of a variation of the heating power signal, as in a PTRT, can be formulated as a convolution product by
where Rbhe is the equivalent borehole resistance and the index i refers to the time step index. From Eq.7, the optimization procedure consists to find the Rbhe and kgr couple that minimizes the discrepancy between the experimental and modelled temperatures.
The procedure used with the ILS model is based on trial and error. Starting with initial guesses of kgr and Rbhe, the simulated fluid temperatures are compared to the average fluid temperature Tf,ave and the parameters are changed until an optimum solution is found. To interpret the PTRT with the FLS and TRC models, the program TRT-SInterp (Pasquier 2015) was used. The latter is dedicated to stochastic and deterministic interpretation of TRTs by optimization. Since its initial publication, the program has undergone constant improvements and now includes a graphical user interface to ease its use in the industry.
RESULTS AND DISCUSSION
The parameter recognition procedures adopted in this paper has been used with the ILS, FLS and TRC models to interpret the PTRT. The parameters found at the optimum along with the calibration statistics are summarized in Table 1 . In addition, Figure 4 compares the experimental temperatures and the temperatures simulated by the various interpretation models used in this work with the parameters found at the optimum. The thermal conductivity values range from 6.17 to 6.25 W/mK. Although the values obtained are quite high, these results are in agreement with a value obtained independently on the same BHE in August 2015 by a private company having its own standard TRT unit and applying its own interpretation procedures. The thermal conductivity values have hence been ascribed to the particular local lithology, where the circulation of groundwater seems plausible. The reduced slope of alluvial plane (2.5%) and the estimated permeability of the top layer around 10 −5 cm/s are finally compatible with Pe numbers related to the validity of ILS model to the present enhanced TRT analysis. However, at this point it is unclear if the high thermal conductivity observed is caused by a significant groundwater flow or is simply the expression of a highly conductive geological material. It is reassuring to see similar thermal parameters, regardless of the interpretation model used. Indeed, the parameters found at the optimum differ than less than 1.3% for kgr and 6.9% for Rbhe. For the interpretation of this specific PRTR, the variations observed are attributed mainly to the different convergence parameters used to control the optimization algorithms. It should be noted that this PTRT induced a narrow valley for the objective function in the parameter space that was sometimes a challenge for the optimization algorithms.
It should be noted that from the author's experience, obtaining borehole equivalent resistance with the ILS/FLS models that is so close to the one obtained with the TRC model is unusual. When interpreting a conventional TRT, the thermal conductivity obtained are quite similar but the borehole resistance provided by the TRC model is usually better identified. These results might indicate that performing a long PTRT can filter out the impact of the interpretation model on the interpretation outcome and improve the identification of Rbhe.
The thermal parameters found reproduce also quite well the experimental temperatures measured during the PTRT as seen in Figure 4 . Indeed, the output of all three interpretation models adjust quite well the experimental temperatures. Note how the TRC model was slightly better at adjusting the peaks corresponding the each pulse, but this did not resulted in a significantly better adjustment from an overall statistic error. All three models are able to reproduce correctly also the long recovery phases, even if a closer inspection of numerical values would reveal discrepancies within tens of degree. A thermal contamination of the measurements or a significant groundwater flow could explain the inability of the models to fit the long recovery phases. However, for now this remains an open problem.
CONCLUSIONS
In this paper the measurements from a pulsated Thermal Response Test have been presented and discussed. In this particular experiment the heat rate at the carried fluid was deliberately varied according to a series of on/off heat pulses able to resemble a real GCHP operating conditions. A dedicated equipment has been developed to this aim at the University of Genova which is able to very efficiently control the heat and flow rates either in constant or pulsated mode. Such a Pulsated Thermal Response Test has been processed by 3 different inverse solution algorithms developed at the home universities of the Italian and Canadian authors of the present paper. The methods include the application of the temporal superposition techniques, the use of the ILS and FLS solutions for the semi-infinite ground medium and even a resistance/capacitance method (the TRC algorithm) able to take into consideration whole the inner borehole thermal network. Very similar thermal parameters have been estimated by the three algorithms: at convergence the results differ less than 1.3% for kgr and 6.9% for Rbhe. Based on author's experience, a similar agreement on Rbhe. estimations between TRC and ILS/FLS models is pretty unusual. These results might indicate that performing a long PTRT can filter out the impact of the interpretation model on the interpretation outcome and improve the identification of borehole thermal resistance.
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